Osteonecrosis of the femoral head (ON) is a multifactorial bone disease that can evolve to a progressive destruction of the hip joint. Different pathogenic processes have been proposed, among them, an increase of bone marrow (BM) fat resulting from adipocyte accumulation. Marrow adipocytes are active BM residents that influence the microenvironment by releasing cytokines, adipokines, and free fatty acids (FA). We explored the impact of palmitate (Palm) and oleate on function and survival of BM-derived mesenchymal stromal cells (MSC) of osteonecrotic patients (ON MSC ) and healthy volunteers. Moreover, we analyzed the FA profile of the serum and the BM supernatant fluid (BMSF). We demonstrated that exposure to the saturated FA Palm favored MSC differentiation through the adipogenic lineage at the expense of the osteoblastic phenotype. Moreover, adipogenesis was intensified in ON MSC . The susceptibility to Palm toxicity was aggravated in ON MSC concomitantly with a greater activation of the proapoptotic extracellular signal-regulated kinase pathway. Moreover, cellular mechanisms implicated in the protection against lipotoxicity, such as stearoyl-coenzyme A desaturase 1 and carnitine palmitoyl transferase 1 expression, were dysregulated in ON MSC . Palm-induced interleukin (IL)-6 and IL-8 secretion was also exacerbated in ON MSC . Our results established that, in the serum, the FA profiles were comparable in ON and healthy subjects. However, both the concentrations and the FA composition were modified in the BMSF of ON patients, highlighting a drastic change of the BM microenvironment in ON patients. Altogether, our work suggests that marrow adipocyte enlargement could affect the process of bone remodeling and, therefore, play a role in the pathogenesis of ON. (Endocrinology 158: 490-502, 2017) 
O steonecrosis of the femoral head (ON) is a painful disorder of the hip that affects young adults with risk factors such as glucocorticoid (GC) treatment or alcohol abuse in Caucasians (1) . It is characterized by necrosis of the osteomedullary elements that can occur in the epiphysis, metaphysis, or diaphysis. Epiphyseal lesions can lead to subchondral fracture, femoral head collapse, and, finally, a need for a total hip replacement. The factors influencing the progression of the disease from the appearance of the necrotic lesion to subchondral fracture and femoral head collapse are not yet fully understood. Because of the young age of many of these patients, hip replacement cannot be expected to last the patient's lifetime. Therefore, attempts should be made to better understand the occurrence of the lesion and its evolution to subchondral fracture to prevent the onset of the disease.
The pathogenesis of ON is still unclear, but it can be seen as a vascular disease with diminished blood flow and a bone disease with altered bone marrow (BM) cell function and differentiation (2) . On one hand, the function of the capillaries serving as a conduit for the mesenchymal stromal cells (MSC) and bone cells needed in the bone remodeling unit and providing blood supply could be altered by vascular compression, emboli, or thrombosis (3) . In contrast, MSC and osteoblasts that could potentially induce bone formation have been shown to be decreased in number and activity in patients with ON (4-6). Moreover, osteoblasts and osteocytes in the region close to the necrotic areas and in the proximal femur undergo apoptosis (7, 8) . Vascular compression may result from intraosseous hypertension secondary to fatty infiltration of the BM following alcohol abuse or GC use (9) . Clinical studies have shown accumulation of marrow adipocytes in the proximal femur of patients with ON (10, 11) . It was shown that the marrow fat enlargement is characterized by both an increased number and hypertrophy of marrow adipocytes (12) .
MSC are the common progenitor of marrow adipocytes and osteoblasts, and their cellular fate is controlled by finely regulated lineage-specific transcription factors (13) . It is known that GC treatment and alcohol abuse favor MSC differentiation along the adipocytic lineage at the expense of osteoblastogenesis through modulation of transcription factors regulating adipogenic and osteoblastic gene expression (14, 15) .
Marrow adipocytes are no more regarded as simple filling cells, and their involvement in bone physiopathology is now considered (16) . It is indeed widely accepted that they constitute a metabolically active depot that could positively or negatively affect the metabolism of neighboring cells (17, 18) . In addition to the production of adipokines and cytokines, in vitro experiments have demonstrated that MSC-derived adipocytes delivered saturated fatty acids (FA) such as palmitate (Palm) and stearate (19, 20) . Those FA are frequently associated with deleterious lipid deposition in cells of nonadipose tissues, a phenomenon that contributes to organ injury in a process termed lipotoxicity. In general, saturated FA containing 14 to 18 carbons are lipotoxic, whereas the equivalent monounsaturated molecules are poorly toxic or harmless for the cells. Moreover, monounsaturated FA often protect against the toxicity of saturated FA (21, 22) . Although the cellular and molecular mechanisms of lipotoxicity have been well studied in some cell types (23) , this concept recently emerged in bone tissue and FA have been shown to modulate the biological function and survival of MSC and osteoblasts as well as of osteoclasts (19, 24, 25) .
In a previous study, we evaluated the influence of two predominant FA in human body and diet: the saturated FA Palm (C16:0) and oleate (Ole), a monounsaturated one (C18:1 cis-9) (25) . We demonstrated that Palm and Ole inversely regulated cell death and function in human MSC and osteoblasts. We confirmed the cellular toxicity of Palm, and we established that Ole is not toxic for the bone-forming cells; moreover, Ole completely abrogated Palm-induced lipotoxicity. In light of these findings, we now investigated the influence of both FA on the survival and biological function of BM-derived MSC isolated from patients suffering from ON. Moreover, we analyzed and compared the FA profile of the serum and the BM supernatant fluid (BMSF) of ON patients and healthy volunteers (HV).
Materials and Methods

Study population
All patients and healthy donors were aged $18 years, and the characteristics of both groups were summarized in Table 1 . Our local institutional ethical committee approved the study, and all subjects gave their written consent. In ON patients, the findings of a thorough history and physical examination, radiographs, and magnetic resonance imaging of the hips were used to confirm the diagnosis. Exclusion criteria were sickle cell disease, an end-stage kidney disease, and organ transplant. All patients had stopped corticosteroid treatment of an average of 8 months and alcohol intake for an average of 5 months. Patients were included in the study if they suffered from at least unilateral or bilateral ON. The stage of ON was defined according to the classification of Association Research Circulation Osseous (ARCO) (26) . ARCO stages 1 and 2 were classified as nonfractural stages, and ARCO stages 3 and 4 were categorized as fractural stages.
Isolation, culture, and characterization of human MSC Human MSC were isolated from BM aspirated from the posterior iliac crest of patients with ON (ON MSC ) and of HV (HV MSC ). Each BM sample was then centrifuged for 10 minutes at 300g to collect the BMSF. The supernatant was kept at 280°C until lipid quantification and characterization (see later). The process of isolation, culture, characterization, and differentiation of MSC was described in detail in Supplemental Materials. In all of the experiments, each sample originating from a different donor was considered as an individual experiment and was thus never used twice to perform a similar experiment.
Free FA treatment
Sodium Ole and sodium Palm (Sigma-Aldrich, St. Louis, MO) were solubilized in 90% ethanol at 70°C to obtain 50 mM stock solutions. For FA supplementation experiments, cells were cultured for the indicated times in a FAspecific medium composed of Dulbecco's modified Eagle medium low glucose supplemented with 1% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL streptomycin, 1% FA-free bovine serum albumin (Sigma-Aldrich), and, when required, diluted Palm and/or Ole (0.125 to 0.50 mM). Of note, a similar dilution of ethanol, the FA solvent, was added in the control condition (e.g., absence of FA). Taking into account the stepwise equilibrium model and the respective binding affinities of Palm and Ole for bovine serum albumin (27) , the concentrations of FA used in our study are close to the physiological ones (28, 29) .
Quantification of mRNA expression by quantitative polymerase chain reaction
Total RNA was isolated from cells seeded for 3 days before treatment in 6-well plates at a density of 10.4 3 10 3 cells/cm 2 , using AURUM kit (Bio-Rad, Nazareth Eke, Belgium), according to the manufacturer's protocol. Passages 2 to 4 were always used for gene expression experiments. Total RNA was reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad). Quantitative polymerase chain reactions (qPCRs) were performed, as previously described (25) , using adequate primer sets (Supplemental Table 1 ). Hypoxanthine phosphoribosyltransferase 1 was used as housekeeping gene.
Determination of cell viability
Cells were seeded in 96-well plates at a density of 14.7 3 10 3 cells/cm 2 , and passages 2 to 4 were always used for viability assays. After 3 days, culture media were replaced by the FA-specific medium either containing or not containing Palm and/or Ole (0.125 mM to 0.50 mM) for the indicated times. Nuclear staining was performed, as previously described (25) . HV MSC and ON MSC were always examined in parallel, and a minimum of 600 cells was counted for each experimental condition.
Measurement of caspase-3/7 activity
A total of 29.4 3 10 3 cells/cm 2 was seeded in 96-well white plates and received the same treatment as viability experiments. HV MSC and ON MSC were examined in parallel, and passages 2 to 4 were always used. Caspase-3/7 activity was determined using the Caspase-Glo 3/7 assay (Promega, Leiden, The Netherlands), according to the manufacturer's protocol. The luminescent signal generated was detected using a Victor2 (PerkinElmer, Zaventem, Belgium). Staurosporin (1 mM; SigmaAldrich) was used as positive control.
Western blotting
Cells were seeded in 6-well plates at a density of 10.4 3 10 3 cells/cm 2 , using passages 5 to 7. After 3 days, culture media were replaced by FA-specific medium supplemented with Palm and/or Ole. The phosphorylation of extracellular signalregulated kinase (ERK) was evaluated using the anti-phospho-ERK Thr202/Tyr204 antibody (Cell Signaling, Leiden, The Netherlands) ( Table 2) , following the protocol previously described (25) . Results were expressed as relative ratio between the phosphorylated and the nonphosphorylated forms of ERK, which was detected with the anti-ERK antibody (Millipore, Overijse, Belgium).
Measurement of interleukin-6 and interleukin-8 production
Cell culture supernatants were collected after 48 hours of treatment with FA, aliquoted, and frozen at 220°C until use. HV MSC and ON MSC were examined in parallel, and passages 2 to 4 were always used. Interleukin (IL)-6 and IL-8 concentrations were measured by enzyme-linked immunosorbent assay, according to the manufacturer's protocol (Duoset R&D Systems, Abingdon, United Kingdom).
Gas chromatography analysis
To evaluate the FA content of serum and BMSF, total lipids were extracted with chloroform/methanol/water (2:2:1) and separated on a solid phase extraction column (Agilent, Santa Clara, CA; Bond Elut-NH2, 200 mg, 3 mL) in 3 fractions: free FA, neutral lipids, and phospholipids. Quantification and 
Statistical analysis
Data are presented as mean 6 standard error of the mean (SEM). Values were determined from at least three independent experiments. Statistical analysis was performed using Student t test, one-way and two-way analysis of variance, followed by t test with the Bonferroni correction for multiple comparisons. Differences between groups were considered as statistically significant at P , 0.05.
Results
Palm differently affects the expression of genes involved in MSC differentiation in ON MSC and HV MSC
To analyze the ability of Palm and Ole to modulate the expression of genes involved in MSC differentiation, HV MSC and ON MSC were maintained in standard culture conditions and exposed for 24 hours to Palm and/or Ole. As shown in Fig. 1 ON MSC display a higher adipogenic differentiation capacity than HV MSC As ON patients present a higher level of adipocyte accumulation in the BM niche, we compared the adipogenic and osteogenic differentiation capabilities of Fig. 3(a) ]. Indeed, a 48-hour treatment with 0.50 mM Palm increased cell death to 48.4 6 3.5% and to 64.7 6 4.2% in HV MSC and ON MSC , respectively [P , 0.001; Fig. 3(a) ]. In line with these observations, caspase-3/7 activation in response to Palm treatment was exacerbated in ON MSC [ Fig. 3(b) ]. The protective effect of Ole against lipotoxicity was confirmed by the suppression of Palminduced caspase activation in both ON and HV MSC [ Fig. 3(b) ].
ERK activation and regulation are modified in ON MSC
ERK pathway controls cell function and survival. We previously showed that Palm dose dependently triggered ERK phosphorylation in MSC and osteoblastic cells derived from healthy donors (25) . We now demonstrated that Palm also activated ERK phosphorylation in ON MSC (Fig. 4) . However, Palm-triggered ERK activation was less marked in ON MSC than in HV MSC (P = 0.017). Moreover, in the control condition, ON MSC displayed a 2.5 times higher basal level of ERK activation when compared with HV MSC (Fig. 4) .
To further validate the contribution of the ERK pathway in Palm-induced mortality, we used PD0325901, a mitogen-activated protein kinase kinase (MEK) inhibitor (Supplemental Fig. 2 ). As shown in 
Palm-induced proinflammatory response is exacerbated in ON MSC
Activation of the ERK pathway may induce an inflammatory process through the transcriptional regulation of cytokines and chemokines. MSC are known to release soluble factors in stress conditions such as hypoxia or hyperglycemia (31, 32) . We previously demonstrated that Palm, but not Ole, stimulated IL-6 and IL-8 expression and secretion in HV MSC (25) . Our present results demonstrated that the action of Palm on cytokine secretion was exacerbated in ON MSC : the saturated FA induced a 2.5-and 4.7-fold increase of IL-6 secretion, and a 4.2-and 7.7-fold increase of IL-8 secretion, in HV MSC and ON MSC , respectively. Ole completely restored Palm-induced cytokine release to the basal levels in both cell sources (Fig. 6) .
The protective mechanisms against lipotoxicity are dysregulated in ON MSC We then examined different mechanisms implicated in cellular protection against lipotoxicity.
Stearoyl-CoA desaturase 1 (SCD1) is an endoplasmic reticulum resident enzyme that catalyzes the formation of a double bond in saturated FA, to generate its monounsaturated counterpart. In HV MSC , we observed that Palm stimulated SCD1 transcription, whereas Ole decreased it [ Fig. 7(a) ], as previously documented in other cell types (33) . Interestingly, in ON MSC , Palm failed to increased SCD1 expression but, rather, decreased it to 30% of its basal level [0.50 mM Palm; Fig. 7(a) ]. Thus, Palm treatment differently regulated SCD1 expression in HV MSC and ON MSC .
Carnitine palmitoyl transferase 1 (CPT1) is another key enzyme that controls the rate-limiting step of longchain FA entry into the mitochondria, allowing their further oxidation. Both FA similarly raised CPT1 expression in HV MSC and ON MSC , as previously described in other cell types. However, the basal expression level of the enzyme was 2 times lower in ON MSC . Consequently, the expression of CPT1 in the presence of Palm and/or Ole was also inferior in ON MSC , when compared with HV MSC [ Fig. 7(b) ].
FA composition of the BMSF is modified in patients suffering from ON
To evaluate the impact of marrow adipocyte accumulation on the BM microenvironment, we characterized and quantified the FA content of the 3 lipidic fractions of the BMSF, namely, the free FA, the neutral lipids, and the phospholipid fractions; the FA profile of the lipidic fractions isolated from the serum was analyzed in parallel. Table 3 focused on the FA composition of the free FA fraction because we did not observe significant differences between healthy and ON group in the neutral lipids and phospholipid fractions.
As shown in Table 3 , the most abundant FA found in the free FA fraction of both serum and BMSF were palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1cis9), and linoleic acid (C18:2cis9cis12). We press.endocrine.org/journal/endoidentified significant differences in the FA profile of the BMSF of ON and healthy subjects. The three categories of FA (i.e., saturated, monounsaturated, and polyunsaturated) displayed higher concentrations in ON patients. These differences were attributable to a particularly marked increase of palmitic acid (C16:0; 1.7 times) in the saturated FA fraction; of palmitoleic acid (C16:1cis9; 6.3 times), oleic acid (C18:1cis9; 3.0 times), and vaccenic acid (C18:1cis11; 10.7 times) in the monounsaturated fraction; and of linoleic acid (C18: 2cis9cis12; 2.9 times) in the polyunsaturated fraction. In the serum, the FA concentrations measured in the free FA fraction of patients with ON displayed also a trend to be superior to the concentrations found in healthy subjects, but this was not statistically significant (Table 3) .
Discussion
ON can be seen as a combination of vascular and bone pathology that leads to altered bone remodeling (34) . In Caucasian population, the most common risk factors of nontraumatic ON are GC use and alcohol abuse (35) . These two risk factors are associated with abnormalities of BM cells and alterations in lipid metabolism. On one hand, a depressed number of MSC and alteration of their osteoblastic differentiation potential have been described (5, 36) . In contrast, accumulation of marrow adipocytes in the BM niche has been demonstrated (12, 37) . It has been proposed that this local fat infiltration is caused by a preferential differentiation of MSC toward the adipocyte lineage at the expense of the osteoblastic phenotype (14, 15) . Marrow adipocyte accumulation and enlargement could cause a rise in the intraosseous pressure, leading to a decreased blood perfusion because of the tightly closed chamber of the femoral head. In addition to such a mechanical constraint, the pathophysiologic involvement of adipocyte-derived factors is currently subject of active investigations (16, 38) . The marrow adipose tissue is now well established as an important actor of bone turnover. By releasing factors, marrow adipocytes may indeed generate a local microenvironment that could affect skeletal cell metabolism (39, 40). Recent experimental in vitro data also revealed that GC treatment enhances lipolysis in adipocytes derived from a human mesenchymal stem cell line, promoting the release of the saturated FA stearate and Palm (20) . Those FA negatively affect osteoblast function and survival by diminishing mineralization and expression of osteogenic markers and by increasing apoptosis (20, 25) . We now demonstrated that, in primary MSC isolated from human healthy subjects and ON patients, Palm treatment disadvantaged the osteoblastic lineage in favor of the adipocyte phenotype by enhancing the expression of CEBPa and PPARg and by decreasing the expression of Runx2 and DLX5. It is known that CEBPa and PPARg initiate a cascade of other factors enhancing adipogenic differentiation, such as Srebp-1c, CEBPb, and early B-cell factor-1 (41) , and, in a preadipose cell line, Palm has been shown to induce adipogenic gene expression (42) . More recently, Petrighi Polidori et al. (43) showed that Palm promotes the expression of adipocyte markers in mouse embryonic stem cells incubated in a media supplemented with BMP4 and trans-retinoic acid. To our knowledge, the molecular mechanisms implicated in those Palminduced gene modifications are still unknown. In mouse osteoblastic cells, PPARg activation by thiazolidinedione stimulates adipogenic differentiation (44) and inhibits the expression and the transcriptional activity of Runx2, therefore suppressing osteoblastic differentiation (45) . Our results also showed that the monounsaturated FA Ole did not modulate adipogenic and osteogenic gene markers, but prevented gene modifications triggered by Palm.
Bone regeneration capacity is a key element participating in the pathogenesis of ON and depends on the number and functionality of the bone-forming cells. GCand alcohol-induced ON are characterized by osteoblast and osteocyte apoptosis, whereas apoptosis is rare in patients with posttraumatic and idiopathic ON (46) . In the current study, we observed that ON MSC isolated from the iliac crest had a greater ability to differentiate in adipocytes than HV MSC , although their osteogenic capacity is unaffected, as demonstrated previously (6, 47, 48) . Of note, we also noticed that the basal expression press.endocrine.org/journal/endolevels of key transcription factors involved in MSC differentiation tended to be modified, although not significantly, in favor of the adipocyte phenotype in ON MSC . In addition to their greater adipogenic potential, ON MSC displayed a higher susceptibility to the toxicity of Palm, manifested by increased cell death and caspase activation. Sensitivity to lipotoxicity as well as the cellular mechanisms leading to cell death differs across cell types. In myocytes, hepatocytes, and insulin-producing pancreatic b cells, excessive FA availability results in cellular dysfunction and death (49), leading to disease states (50) . Earlier studies showed that Palm initiates an endoplasmic reticulum stress in MSC and osteoblasts (25, 51) . In the current study, we observed that Palm-induced endoplasmic reticulum stress was comparable in ON MSC and HV MSC (data not shown). We (25) and others (51) also demonstrated that Palm activates the ERK pathway in human MSC, whereas contradictory data were obtained in osteoblasts (52, 53) . Using a MEK inhibitor, we have now confirmed the involvement of the ERK pathway in the cytotoxicity of Palm. Palm also modulated ERK phosphorylation in ON MSC , and we revealed that ON MSC displayed a higher level of ERK activation under basal culture conditions. A similar observation was reported in MSC isolated from osteoporotic patients and was associated with an altered potential of differentiation (54) . Like ON, osteoporosis is a bone disease characterized by accumulation of adipocytes in the BM niche (55), and both diseases share common risk factors and altered cell functions (17, 56) . We observed that MSC isolated from osteoporotic patients are extremely sensitive to the toxic action of Palm (personal unpublished data). The constitutive activation of ERK could thus play an important role in the responsiveness of human MSC to lipotoxicity. Yet, we showed that inhibition of ERK activation partially prevents Palmtriggered MSC apoptosis, presuming the involvement of other lipotoxic mechanisms.
We previously showed that Palm treatment creates a proinflammatory state in human MSC by triggering IL-6 and IL-8 secretion, whereas Ole completely suppresses the production of cytokines (25) . We now observed that Palm-induced IL-6 and IL-8 secretion is exacerbated in ON MSC , a phenomenon that could be linked to the marked activation of ERK. Indeed, cell treatment with PD0325901, a MEK inhibitor, decreases the release of IL-6 (data not shown). MSC constitutively express IL-6 and IL-8. However, their overproduction could affect their biological function in an autocrine or paracrine loop and impair their osteogenic potential (57, 58) . At the same time, IL-6 and IL-8 hypersecretion could locally stimulate the differentiation of the osteoclast precursor cells to mature osteoclasts through regulation of the receptor activator for nuclear factor-kB/receptor activator for nuclear factor-kB ligand/osteoprotegerin system (59, 60) . By enhancing IL-6 and IL-8 production, Palm could thus favor bone resorption and impair bone formation by promoting osteoclastic activity and by downregulating osteoblast differentiation, respectively. Interestingly, the study of Drosatos-Tampakaki et al. (24) recently showed in vivo that Palm enhances osteoclastogenesis, thus favoring bone resorption, whereas Ole inhibits such a process.
We further investigated some mechanisms in charge of lipid detoxification. In our previous study, we showed that Ole promoted Palm esterification and storage in lipid droplets in human MSC (25) . Lipid droplet formation in nonadipose tissue acts as an initial cellular defense mechanism against lipotoxicity in response to exposure to high amounts of lipids (61, 62) . Moreover, it was shown that monounsaturated FA favors the detoxification of saturated FA by promoting their esterification into triglycerides and their further storage in lipid droplets (25, 61) . SCD1 is an endoplasmic reticulum resident enzyme that desaturates FA to generate their monounsaturated counterparts, thus providing an intracellular source of unsaturated FA. In different cell types, overexpression of SCD1 reduces Palm toxicity by promoting its incorporation in lipid droplets (61, 63) . We demonstrated that MSC isolated from healthy subjects express high levels of SCD1 in the presence of Palm, probably in an attempt to overcome saturated FA toxicity. Conversely, Palm downregulates SCD1 expression in ON MSC . Palm desaturation and lipid droplet formation could therefore be impaired in ON MSC , allowing Palm to exert its toxic effect.
CPT1 is an enzyme involved in the transport of longchain FA into the mitochondria, allowing their further degradation through the b-oxidation pathway. It has been shown that inhibition of CPT1 expression and, therefore, decreased FA import into the mitochondria, enhances apoptosis of hematopoietic cells exposed to high concentrations of FA (64) . We observed that the basal expression level of CPT1 is 2 times lower in ON MSC when compared with HV MSC , and that CPT1 expression remains lower in ON MSC even in the presence of FA. FA import into the mitochondria and consequently, their degradation, could therefore be altered in ON MSC . Taken together, disturbance of triglyceride synthesis and of FA transport into the mitochondria could promote accumulation of toxic-saturated FA in the cytosol of ON MSC and account for their higher sensibility to lipotoxicity. Additional experiments will be necessary to validate this hypothesis.
We need to emphasize that the current study has some limitations. First, MSC and BMSF were obtained from the posterior iliac crest and not from the femur of donors. Our results are thus relevant to ON only if the defects that we have identified would also be observed in MSC isolated from other skeletal sites. Although previous studies support such a proposal, others do not validate it. Gangji et al. (6) described a reduced replicative capacity of osteoblastic cells isolated from the intertrochanteric area of the femur of GC-and alcohol-induced ON patients compared with patients suffering from osteoarthritis. The defect was not found in cells isolated from the iliac crest of ON patients. In contrast to that report, earlier studies described that the pool of MSC, evaluated by the number of colony-forming unit fibroblasts, is comparably reduced in BM samples obtained from the iliac crest and the femur of patients with GC-induced ON (4, 5) . In light of their findings, Hernigou et al. (4, 5) proposed that the abnormal BM cell activity associated with ON is a systemic rather than a local phenomenon. Their proposal is in accordance with histological observations showing a decrease of mineralization and of the trabecular bone volume in iliac-crest biopsies obtained from ON patients (65) . Of note, Calder et al. (66) reported that the extent of cell death is comparable in osteocytes obtained from the proximal femur and the femoral shaft of ON patients and, therefore, also concluded that ON is not circumscribed to the femoral head. Lastly, demographic data showed that nearly 50% of ON patients have bilateral damage (67) . In the current study, 68% of ON patients present at least two joints affected, and 37% have at least three joints affected (Table 1) , corresponding to multifocal ON. It should also be kept in mind that osteoblastic cells, used in the study of Gangji et al. (6) , might behave differently than MSC.
The second limitation of our study is that the control group is composed of healthy subjects. One could state that the dysregulations observed in ON MSC were due to GC treatment or alcohol abuse. Of note, all patients had stopped corticosteroid treatment of an average of 8 months and alcohol intake for an average of 5 months. Nevertheless, to demonstrate that the dysregulations observed in ON MSC are related to the disease, a similar study should be conducted with GC-treated subjects or subjects with a history of alcohol abuse but who did not suffer from ON.
We further characterized the FA profile of the BM cell microenvironment. The FA composition of BMSF and serum were analyzed and compared in healthy and ON patients. Two previous studies analyzed the total FA content of human BM, but they did not distinguish between lipids originating from the cells or from the BM extracellular fluid. Deshimaru et al. (68) showed that Ole and Palm concentrations were significantly higher in the phospholipid fraction of BM aspirates than in the serum of patients with hematologic diseases. In another study, Griffith et al. (69) investigated the FA composition of marrow and subcutaneous fat obtained from subjects presenting varying bone mineral density. They found that the amount of monounsaturated FA was lower, whereas the saturated FA content was higher, in the BM than in the subcutaneous fat.
In the serum, we did not observe significant differences between the FA profiles of the phospholipids, neutral lipids, and free FA fractions of ON patients and healthy subjects, in accordance with the study of Zalavras et al. (70) . Similarly, in the BMSF, the FA contents of the phospholipid and neutral lipid fractions were comparable in both groups. However, the amounts of saturated, monounsaturated, and polyunsaturated FA measured in the free FA fraction of the BMSF were severely raised in ON patients. Especially, the saturated FA Palm increased by 50%, whereas the concentrations of the monounsaturated oleic and palmitoleic acids were, respectively, 3 and 6 times higher in the BMSF obtained from ON patients. Of note, vaccenic acid was virtually absent in the BMSF of healthy subjects and rose to 25 6 9 mg/mL in ON patients. Finally, the concentration of the polyunsaturated linoleic acid tripled in the BMSF of ON subjects. Interestingly, recent studies correlate an increased food intake or blood value of v6 linoleic acid with a higher risk of fracture in older adults and osteoporotic patients (71, 72) . Moreover, the v6 linoleic acid has also been shown to promote the preferential differentiation of MSC in adipocytes (73) .
We expected that the FA concentrations measured in the BMSF reflect more suitably the physiological lipid profile in the interstitial compartment surrounding the bone cells than the blood values. Our findings highlight major modifications of the BM microenvironment in terms of FA content that could be linked to the secreting activity of marrow adipocytes accumulated in the BM of ON patients. Taking into account that not only the amount but also the FA profile of marrow adipocytes may be relevant for skeletal health, the impact of such changes needs to be clarified.
In conclusion, our study approaches the concept of lipotoxicity and demonstrates dysregulation of associated cytoprotective mechanisms in ON MSC as well as modifications of the free FA profile of the BM microenvironment of ON patients.
Further studies are required to determine the degree to which the effects of FA on BM MSC are related to the occurrence of ON lesion in the presence of local ischemia and/or its evolution to subchondral fracture.
